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Abstract

Backcrossed chromosome substitution lines (CS-B) have been devel-
oped with a homologous pair of chromosomes or chromosome arms of
Gossypium barbadense (3-79) germplasm substituted for the homolo-
gous Gossypium hirsutum (TM-1) chromosomes or chromosome
segments. We report on agronomic and fibre trait performance of
four backcrossed chromosome or chromosome arm substitution lines
including chromosomes 01, 11sh (chromosome 11 short arm), 12 sh
and 26 Lo (chromosome 26 long arm). Data for agronomic and fibre
traits were collected from replicated field experiments at two different
locations in 2 years, and analysed under an additive dominance genetic
model. CS-B 12sh had higher, while CS-B 01 and CS-B 26Lo had lower
boll weight than TM-1. The presence of significant negative additive
effects for micronaire with CS-B 01 and significant positive additive
effects for elongation and fibre strength with CS-B 11sh suggested the
substituted chromosome arms of 3-79 in these CS-B lines were more
likely carrying genes causing these effects. Results revealed that several
CS-B lines had significant homozygous and heterozygous dominance
effects for different agronomic and fibre traits suggesting that specific
CS-B lines may be useful for improving agronomic and fibre traits in
hybrid cottons. These CS-B lines also provide novel genetic resources
for improving upland cotton germplasm.

Key words: chromosome substitution lines — cotton — fibre
traits — agronomic traits

Cotton is the world’s most leading natural textile fibre and an
important oilseed crop. It is cultivated on about five million
hectares per year, more than any crop except maize, wheat, or
soybean (USDA-NASS 2002). It is one of the premier
industrial crops in the U.S., capturing 57% of the domestic
textile market (Cotton Incorporated 2006). Domestic yarn and
textile manufacturers have adopted high speed spinning and
yarn technologies. These new yarn and textile production
technologies place greater strain on the cotton fibre than the
older textile manufacturing technology and thus, there is a
demand for cottons with improved fibre qualities, especially
strength and uniformity.

Genetic resources are the key to ensuring that future
demands of superior fibre qualities, production and profits in
the world cotton market can be met. The exceptional fibre
length, strength and fineness of Pima and Sea Island cotton
(Gossypium barbadense L.) provide superior spinning and
manufacturing performance and confer a price advantage over
the more widely grown upland cotton (Gossypium hirsutum L.).
However, upland cotton occupies over 90% of the cotton-
growing area in the world because of its higher yield and wider

adaptation. Yield and fibre properties of USA upland cottons
have been on a plateau for the last decade (Cantrell et al. 2003,
Cotton Incorporated 2006). A ‘Blue Ribbon Committee’
organized by the National Cotton Council reported that
cotton yield in USA had peaked in 1992, but decreased at a
rapid rate of about 16.8 kg/ha/year or 3.3% annually (Helms
2000).

Despite the economic importance of upland cotton, the
genetic base of upland cultivars and elite germplasm is very
narrow (Bowman et al. 2003). Domestication of cotton most
likely originated from a small subset of the wild genotypes
(Gingle et al. 2006). However, the germplasm base of Gossy-
pium is very diverse with over 50 species including six
tetraploid species. One of the solutions to the problem of
genetic vulnerability is interspecific introgression to increase
the genetic diversity. Interspecific introgression from
G. barbadense is an attractive strategy to improve fibre
qualities in upland cotton, especially considering the superior
fibre properties of G. barbadense. However, G. barbadense has
failed to be used widely as a source of diversity by upland
breeders because of the relative difficulties and inadequacy
results from the conventional methods of interspecific intro-
gression (Stephen 1949, McKenzie 1970). Problems included
poor agronomic qualities of the progeny, distorted segrega-
tion, sterility, mote formation and limited recombination
because of incompatibility between the genomes. A majority
of interspecific crosses between G. hirsutum and G. barbadense,
using conventional methods, did not produce economically
useful fibres (Rong et al. 2004, Lacape et al. 2005). It has been
well documented that widespread deficiencies occurred in
donor chromatin (G. barbadense) in the interspecific backcross
population (Jiang et al. 2000). An alternative approach would
be to use alien chromosome substitution lines.

Recently, we have developed a series of 17 backcrossed
chromosome substitution lines (CS-B), is each of which a
homologous pair of chromosomes or chromosome arms from
G. barbadense (Pima 3-79) germplasm has been substituted for
the homologous G. hirsutum (TM-1) chromosomes or chro-
mosome arms (Stelly et al. 2005). These lines provide an ideal
opportunity to associate important fibre and agronomic traits
with an individual chromosome or chromosome arm (Saha
et al. 2004, 2006). These CS-B euploid lines are also useful as
parents to introgress favourable genes from specific
G. barbadense chromosomes and to develop improved upland
cultivars (Jenkins et al. 2006, 2007).
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Previously, we reported an investigation of fibre and agro-
nomic traits of 13 released CS-B lines either in their parental or
hybrid background (Saha et al. 2004, 2006). Here we report on
agronomic and fibre trait performance of four additional
euploid (2n = 52) backcrossed chromosome substitution
lines. The association of important agronomic and fibre traits
with four chromosomes of G. barbadense based on compar-
ative analysis of these CS-B lines using the chromosome-
specific F, hybrids, parental CS-B lines, the recurrent TM-1
and donor 3-79 parent lines, respectively, are reported.
Agronomic and fibre trait performance levels of these CS-B
lines across four environments in replicated plots in each
environment are provided. This study was designed to evaluate
the effect of a chromosome or chromosome segment from
G. barbadense on fibre and agronomic traits in the G. hirsutum
genome and will provide useful genetic information for future
cotton breeding and genetic studies.

Materials and Methods

Four near-isogenic BCsS; chromosome substitution lines containing
pairs of different G. barbadense chromosome or chromosomes arm or
segments (CS-B lines), were crossed with TM-1 (G. hirsutum) and 3-79
(G. barbadense) for agronomic and fibre trait evaluation. The inbred
TM-1 was developed from the commercial variety ‘Deltapine 14’ and
inbred over 40 generations by self pollination, and is considered as the
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primary genetic standard for cotton genetics, cytogenetics and for
molecular standard for G. hirsutum (Kohel et al. 1970, 2001). Line 3-79
originated as a double haploid from G. barbadense (Endrizzi et al.
1985). In each CS-B line, a single pair of chromosome or chromosome
arms of TM-1 had been replaced by the corresponding chromosomal
segment of the 3-79 genome (Fig. 1). BCsS; seeds from euploid
(2n = 52) CS-B lines specific to four different chromosomes or
chromosome segment were used in crossing with TM-1 to develop
chromosome-specific F, hybrids. Development of these CS-B lines has
previously been reported (Saha et al. 2004, Stelly et al. 2005).

We used the parental CS-B 26Lo line in our previous study (Saha
et al. 2006); however, because of lack of sufficient F, seed supply the
chromosomal effect was estimated without including the F, hybrid
lines. Chromosome effect of 26Lo was analysed and included both
parental and chromosome-specific F> hybrid lines in the current
results. In addition, we report the effect of alien chromosomes 01, 11sh,
12sh, respectively, on agronomic and fibre traits in this report.

The F, hybrids and parental lines were planted in a randomized
complete block design with four replications at two locations (four
environments) in 2004 and 2005 at Mississippi (MS). Soil types of the
two locations were Marietta loam (fine-loamy, siliceous, active,
fluvaquentic Eutrudepts) type and a Leeper silty clay loam (fine,
smectitic, non-acid, thermic Vertic Epiaquept) type, respectively.
Standard agronomic practices were followed during the growing
season of all environments.

In 2004, plots consisting of a single row 0.97 m wide by 12 m long
were planted on 13 May and harvested on 29 October at both
locations. In 2005, plot size at one location was identical to that in
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Fig. I: Diagram of the genomes of TM-1 (Gossypium hirsutum) and four different euploid chromosome substitution lines showing the
introgression of an alien chromosome or chromosome arm (black colour) from 3-79 (Gossypium barbadense) in the respective backcrossed

chromosome substitution lines (CS-B) line
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2004. Plots were planted and harvested on 12 May and 14 October,
respectively. At the second location, the plots consisted of a single row
0.97 m wide by 9 m long and were planted on 13 May and harvested
on 24 October. All experiments were carried out at the Plant Science
Research Center, Mississippi State, MS.

A 25-boll sample was hand harvested from first position bolls near
the middle nodes of plants in each plot prior to machine harvest. Boll
samples were weighed and ginned on a 10-saw laboratory gin, after
which the lint and seed fractions were weighed and lint percentage (LP)
calculated by dividing lint fraction by total weight of seed and lint.
Fibre samples were evaluated by STARLAB, Inc., Knoxville, TN, for
micronaire (MIC), 2.5% span length (SL2.5), elongation (EL) and
fibre strength (T1) using high volume instrument equipment. Lint yield
(LY) was estimated by multiplying seed cotton yield (YLD) with LP.

Genetic models and statistical methods: All agronomic and fibre traits
were subjected to analysis of variances and multiple comparisons using
SAS (SAS Institute 2001). Means were separated using Fisher’s
protected least significant difference at the 0.05 level. An additive-
dominance (AD) genetic model with G x E interaction was employed
for genetic analysis (Zhu 1994, Tang et al. 1996, Jenkins et al. 2000,
2007, Saha et al. 2006). Variance components and genetic effects were
calculated by the mixed linear model approach (Rao 1971, Zhu 1989,
1993).

A jackknife re-sampling technique was applied to calculate the
standard error (SE) for each parameter by removal of one replicate
within each environment (Wu et al. 2006). In this study, non-pseudo-
value-based estimated values rather than pseudo-value-based estimates
(Miller 1974) were used to calculate the SE for each parameter. Both
methods provided similar estimates, but the non-pseudo-value-based
jackknife provided greater precisions in this study. An appropriate
t-test was used to detect significance of each parameter. A confidence
interval test (95%) was utilized to estimate the significance of genetic
effects between genotypes. Results on the chromosomal effects from
both overall mean data and the deviation from TM-1 are presented.
All genetic analyses were conducted using a program written in C+ +
by Wu et al. (2003).

Results

In our research, each CS-B line has a pair of chromosomes or
arms of G. hirsutum inbred TM-1 replaced by the respective
pair from G. barbadense doubled-haploid 3-79 (Fig. 1). These
backcrossed chromosome substitution lines are near-isogenic
to the recurrent parent TM-1 for 25 chromosome pairs and
also similar to each other for 24 chromosome pairs (Stelly

et al. 2005, Saha et al. 2006). Such uniform genetic back-
ground provided an opportunity to compare these lines and
detect the genetic effect of a chromosome or chromosome arm
for a specific trait.

Mean comparisons for CS-B lines, chromosome-specific F,
hybrids with donor and recurrent parental lines

Seed cotton yield, LY, LP, fibre MIC, length, T1 and EL of
donor parent 3-79 were significantly different from the
recurrent parent TM-1 (Table 1). Line 3-79, had poor agro-
nomic traits compared with TM-1. However, as expected, 3-79
had the lower MIC and longer and stronger fibres compared
with TM-1 (Table 1). The range of variation between TM-1
and 3-79 in agronomic and fibre traits supported the rationale
for selecting these as parents for developing CS-B lines. CS-B
01, CS-B 11sh and CS-B 26Lo lines had significantly lower
YLD and LY than TM-1. F, hybrids for these CS-B lines
produced increased YLD and LY compared with their
respective parental CS-B line. However, none of these four
CS-B lines or their F, hybrid produced a significantly greater
yield than TM-1. CS-B 12sh had heavier bolls, while CS-B 01
and CS-B 26Lo had lighter bolls than TM-1. The F, hybrids of
CS-B 11sh x TM-1 and CS-B 12sh x TM-1 had greater BW
than TM-1. Both CS-B 01 and CS-B 11sh had lower LP values
than either TM-1 or 3-79. CS-B 01 had lower MIC, whereas,
CS-B 11sh and CS-B 26Lo had higher MIC than TM-1. CS-B
01 and CS-B 26Lo had lower T1 than either 3-79 or TM-1.
CS-B 11sh had a higher EL percentage than TM-1 and 3-79.
The F, hybrid of CS-B 11sh x TM-1 had higher EL percentage
than TM-1. Fibre 2.5% span length was longer for CS-B 11sh
and shorter for CS-B 12sh compared with TM-1. F; hybrids of
CS-B 26Lo x TM-1 had greater 2.5% fibre span length than
TM-1.

Variance components

Variance components of all the traits were calculated and
expressed as a proportion of the total phenotypic variance
(Table 2). The proportion of residual variance ranged from
35.5% for EL percentage to 53.6% for LP. The relative
importance of additive vs. dominance effects varied widely
among the traits. All agronomic and fibre traits except YLD

Table 1: Mean values of fibre and agronomic traits of CS-B lines over four environments

Fibre and agronomic traits

Chromosome SL (mm) T1 (kNM/kg) EL (%) MIC LP (%) BW (g) YLD (kg/ha) LY (kg/ha)
01 29.53 271% 8.44%* 4.34% 33.17* 4.88% 1821* 604*
11sh 29.99* 291 8.71* 4.76* 32.40%* 5.27 1880* 609*
12sh 28.97* 292 8.21 4.69 34.51 5.51% 2168 746
26Lo 29.85 278* 8.12 5.08%* 33.74 4.74% 1540* 519*
TM-1 29.59 290 8.21 4.58 34.04 5.26 2159 734
3-79 34.70 369 8.59 3.93 35.78 3.67 935 333
01 x TM-1F2 29.53 284 8.23 4.39% 33.82 5.16 2095 707
11sh x TM-1F2 29.83 291 8.50* 4.64 33.57 5.49%* 1903* 638%*
12sh x TM-1F2 29.48 288 8.20 4.62 33.81 5.62% 2125 717
26Lo x TM-1F2 30.08%* 286 8.10 4.88% 33.66 5.31 2251 756
LSD0.05 0.37 7.4 0.17 0.14 0.49 0.20 241 84

CS-B, backcrossed chromosome substitution lines; SL, 2.5% span length; T1, fibre strength; EL, fibre elongation; MIC, micronaire; LP, lint

percentage; BW, boll weight; YLD, seed cotton yield; LY, lint yield.

The bold font rows represent parental lines used in developing the chromosome substitution lines.

*Significantly different from TM-1 at the 0.05 probability level.
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Table 2: Variance components expressed as proportions of the phenotypic variances for fibre and agronomic traits using parents, CS-B lines and

F, populations

Variance component SL (mm) T1 (kKNM/kg) EL (%) MIC LP (%) BW (g) YLD (kg/ha) LY (kg/ha)
ValVp 0.152%* 0.264%* 0.233%* 0.433%* 0.065%* 0.133 ** 0.000 0.000
Vp/Vp 0.044%** 0.015 0.000 0.004 0.325%* 0.333 ** 0.379%* 0.369 **
Vag/Vp 0.000 0.002 0.000 0.140 ** 0.074%* 0.065 ** 0.128** 0.139 **
Vpoe/Ve 0.345%* 0.200%* 0.412%* 0.000 0.000 0.055 ** 0.033 0.020
Ve/Vp 0.460%* 0.519%* 0.355%* 0.423 ** 0.536%* 0.413 ** 0.460%** 0.472 **

CS-B, back crossed chromosome substitution lines; SL, 2.5% span length; T1, fibre strength; EL, fibre elongation; MIC, micronaire; LP, lint
percentage; BW, boll weight, YLD, seed cotton yield, LY, lint yield; V4, additive variance; Vp, dominance variance; Vg, additive by
environment variance; Vg, dominance by environment variance; V., error variance; Vp, phenotypic variance.

**Significantly different than zero at the 0.05 and 0.01 probability level respectively.

and LY expressed significant additive effects ranging from
6.5% LP to 43.3% MIC. However, dominance effects exceeded
additive effects for all of the agronomic traits ranging from
32.5% to 36.9%. Dominance effects suggest that these CS-B
lines may have potential for hybrid cotton production which is
a common practice in countries such as India and China. Both
additive and dominance X environment effects were significant
for several traits.

Chromosome effects

The predicted values of genetic effects obtained from the AD
genetic model were expressed as deviations from the respective
population mean, not from the mean of TM-1. However, the
information for significant deviation of any CS-B line from
TM-1 is also provided (Tables 3 and 4).

The additive effects predicted for different CS-B lines varied
for different traits (Table 3). Significant negative additive
effects in SL were associated with CS-B 12sh and CS-B 01
lines, suggesting that the chromosome arms of 3-79 in TM-1
background were negatively associated with SL. However,
chromosome 11sh and 26Lo had greater additive effects than
TM-1 on SL, suggesting that the genes associated with these

chromosomes had positive additive effects on SL. We also
observed that CS-B 01, CS-B 12sh and CS-B 26Lo had smaller
additive effects than TM-1 for T1. These results indicate that
3-79 loci associated with these alien chromosomes significantly
reduce T1, independently and/or through interactions. CS-B
01 and CS-B 11sh had higher additive effects while CS-B 26Lo
had lower additive effect compared with TM-1 on EL,
suggesting that genes affecting EL are likely associated with
these two chromosome arms. The additive effects for MIC
associated with CS-B 01 were negative and lower than TM-1
suggesting that this chromosome arm might carry genes
reducing MIC. CS-B 01 and CS-B 11sh had lower additive
effects for LP than TM-1, indicating that chromosome 1 and
chromosome arm 11sh were associated with reduced LP. CS-B
01, CS-B 11sh and CS-B 26Lo had lower additive effects for
BW than TM-1.

Homozygous and heterozygous dominance effects related to
chromosome arms were determined by the comparative
analysis of TM-1 with CS-B lines and their hybrids (Saha
et al. 2006). Differences among the lines were attributed to the
substituted chromosome pair based on the assumption that all
other 25 pairs of chromosomes were in uniform TM-1
background in CS-B lines. The difference in homozygous

Table 3: Additive effects and standard errors for agronomic and fibre traits expressed as deviations from population grand mean

Chromosome SL (mm) T1 (kNM/kg) EL (%) MIC LP (%) BW (g)

01 —0.100 + 0.004* -5.64 £ 0.11* 0.031 + 0.002* —0.184 + 0.002* —-0.056 + 0.005* —0.130 + 0.003*
11sh 0.133 + 0.004* 3.04 £ 0.07* 0.227 + 0.001* 0.030 + 0.001* —0.235 + 0.016* 0.030 + 0.001*
12sh —-0.274 + 0.006* 2.32 + 0.09* —0.053 + 0.003* 0.003 + 0.002* 0.168 + 0.012* 0.112 + 0.004
26Lo 0.176 + 0.006* -2.86 + 0.09* —0.122 + 0.001* 0.212 + 0.002* 0.008 + 0.003* —0.125 + 0.004*
T™M-1 0.065 + 0.003 3.14 £ 0.07 —0.084 + 0.002 —-0.061 = 0.002 0.116 + 0.009 0.113 + 0.003

SL, 2.5% span length; T1, fibre strength; EL, fibre elongation; MIC, micronaire; LP, lint percentage; BW, boll weight.

*Significantly different from TM-1 at the 0.05 probability level.

Table 4: Homozygous and heterozygous dominance effects and standard errors for agronomic and fibre traits expressed as deviations from

population grand mean

SL (mm) T1 (kNM/kg) MIC LP (%) BW (g2) YLD (kg/ha) LY (kg™)
Hom dom 01 0.011 = 0.004* —0.109 % 0.041* —0.001 + 0.001 —0.286 = 0.011* —0.103 % 0.004* —102.0 + 5.5 —38.7 & 1.9
Hom dom 11sh  0.038 + 0.006* 0.020 = 0.011  0.002 = 0.001 —-0.580 + 0.012* —0.110 + 0.005*  88.6 + 5.5%  19.1 + 1.7*
Hom doml12sh  —0.115 + 0.017  0.077 = 0.029% 0.001 = 0.001  0.569 + 0.016* —0.057 + 0.005*  97.9 + 83*  44.9 + 2.9*
Hom dom 26Lo —0.086 + 0.014 —0.051 + 0.019% 0.003 + 0.002 0.199 + 0.011 —0.305 + 0.007* —404.1 + 7.1* —131.3 + 2.4*
Hom dom TM1 —0.115 + 0.019  0.001 = 0.006  0.000 = 0.000 0.164 + 0.022 —0.376 + 0.010 —119.1 + 7.5  —34.7 + 2.5
Het dom 01 —0.074 + 0.013  0.104 + 0.040 —0.016 + 0.010 0.444 + 0.024* —0.023 + 0.010* 142.5 + 13.3%  54.7 + 4.6*
Het dom 11sh  —0.005 + 0.006* 0.019 + 0.010 —0.002 + 0.001  0.628 + 0.023* 0.273 + 0.012% —300.6 + 10.5% —89.3 + 3.4*
Het dom 12sh  0.083 + 0.015* —0.110 + 0.042* —0.002 = 0.001 —-0.758 + 0.031* 0.312 + 0.014* —110.6 + 162  —53.5 + 5.7*
Het dom 26Lo  0.264 + 0.040%  0.048 + 0.020  0.013 + 0.007 —0.380 + 0.022* 0.389 + 0.013* 7073 + 16.0* 228.8 + 54*

SL, 2.5% span length; T1, fibre strength; MIC, micronaire; LP, lint percentage;

*Significantly different from TM-1 at the 0.05 probability level.

BW, boll weight; YLD, seed cotton yield; LY, lint yield.
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dominance effects between a CS-B line and TM-1 is estimated
from the difference in effects between the substituted chromo-
some pair and the respective pair of TM-1 chromosomes. The
heterozygous dominance effects of a specific substituted
chromosome are estimated from the difference in the effects
of bulk F; and TM-1. Homozygous and heterozygous dom-
inance effects are summarized in Table 4.

All CS-B lines and crosses had dominance effects that
deviated significantly from the population means for all the
agronomic traits (Table 4). Numerically, the homozygous vs.
heterozygous dominance effects had opposite signs for the
majority of the traits, suggesting that dominance differences
were either because of interactions of alleles in the same
chromosome pair or with alleles in other chromosome pairs.
Results indicated that CS-B 01 had positive homozygous and
negative heterozygous dominance effects on 2.5% SL. CS-B 01
also had negative homozygous dominance effect on TI,
suggesting that genes associated with this alien chromosome
would reduce T1 in the TM-1 genetic background.

Discussion

Published research has provided valuable information on
additive effects, dominance effects (Cockerham 1980) and their
G x E interaction effects (Zhu 1994) for a specific trait at the
whole genome level using conventional methods of crosses
between two diverse parents in cotton. The genetic background
of the CS-B lines provided an opportunity to dissect the effect
of an individual chromosome or arm under three different
conditions: (i) the homozygous condition (euploids) in the
TM-1 genetic background, (ii) the homozygous condition in
the 3-79 genetic background and (iii) the F, generation which
is segregating for the TM-1 and 3-79 alleles on the specific
substituted chromosome or chromosome arm. For a specific
CS-B line the difference in genetic effects between the line and
TM-1 could be because of genes on the specific substituted
chromosome and/or because of epistasis between TM-1 genes
and genes on the substituted chromosome (Saha et al. 2006).
The genetic background of some of the original aneuploid lines
was not TM-1. However, these were backcrossed multiple
times with TM-1 to recover the hypoaneuploid TM-1 near
isogenic parents used to breed the CS-B lines. The possibility
exists that some remnants of the genome in which the
hypoaneuploid was originally discovered is present in the
TM-1 near-isogenic stock, despite repeated backcrossing. This
could have contributed to some of the trait-chromosome
associations detected. Similarly, there is also a possibility that
the observed genetic effects could have been due to some
unlinked residual effect of G. barbadense chromatin in other
chromosomes and is independent of the homozygous condi-
tion of the substituted chromosome or arm from G. barbadense
(Saha et al. 2004, 2006). Any genetic change resulting from
mutation could be another remote possibility that might have
confounded the results. Lines similar to CS-B were used as a
powerful tool in QTL analysis and germplasm improvement in
other crops including wheat and tomato (Campbell et al. 2003,
2004, Canady et al. 2005).

CS-B F, analyses are relatively free of the interactions of
inter-chromosomal loci of the chromosomes other than the
substituted chromosome because of the complete replacement
of 25 alien species chromosomes with the recurrent parent
TM-1 chromosomes out of the 26 pairs of chromosomes
(~96% of genome). This provides a unique opportunity to

detect novel allelic effect of a chromosome for a specific QTL
by reducing the genetic noise from the genetic interactions of
other chromosomes that normally arises in conventional
interspecific F, populations. In a previous study, we showed
that although the 3-79 parental line produced a low number of
flowers, introgressing the short arm of chromosome 5 into
TM-1 allowed us to detect a novel allele(s) which increased the
flower number significantly above the parents TM-1 and 3-79
(McCarty et al. 2006). CS-B 26Lo expressed a significant
positive heterozygous dominance effect on YLD and LY,
suggesting that the novel alleles associated with the alien
chromosome 26Lo might be useful in the yield improvement
for countries developing hybrid cotton. Given the nature of
multi-genic traits and their epistatic effect on yield, it seems
reasonable that individual 3-79 alleles or QTLs will be
discovered to improve yields.

Many of the agronomic and fibre traits in cotton are affected
by quantitative traits controlled by genes with major and
minor effects (Rong et al. 2004, Lacape et al. 2005, Ulloa et al.
2005, Zhang et al. 2005). CS-B lines will be useful for detecting
these genetic effects associated with the alien chromosomes.
The strategy utilized in this work and prior research (Jenkins
et al. 2006, 2007, Saha et al. 2006, Wu et al. 2006) allowed us
to partition the chromosome specific genetic effect into
additive and dominance components for each trait. We
detected some novel alleles associated with the alien chromo-
some one (CS-B 01), chromosome 12 (CS-B 12sh) and
chromosome 26 (CS-B 26Lo) for different fibre traits. For
example, the negative additive genetic effect for MIC with
CS-B 01 and positive additive genetic effect for LP with CS-B
12sh, not detected in previous studies (Lacape et al. 2005;
Zhang et al. 2005), could be useful in upland cotton improve-
ment. Results also confirmed some of the challenges and
difficulties associated with upland cotton improvement show-
ing contrasting effects for some of the desirable traits within
the same chromosome.

Our results suggest that some of the four CS-B lines may
not have much to offer for the improvement of agronomic or
fibre traits compared with improved upland cultivars. How-
ever, these CS-B lines were in a TM-1 background, a line
with poor breeding value. Parental line TM-1 was chosen for
developing these cytogenetic stocks because it is considered
as the genetic standard line of upland cotton (Kohel et al.
1970; Kohel et al. 2001). Parental line 3-79 was used as the
donor parent because it is a doubled haploid and is largely
absent of genes introgressed from G. hirsutum (personal
communication with Dr R.J. Kohel, USDA/ARS, TX,
USA). 3-79 has poor agronomic qualities but superior fibre
qualities.

Introgressing selected 3-79 genes from specific chromo-
somes or chromosome arms, via the CS-B lines, should reduce
the amount of genetic drag associated with the poor
agronomic qualities of G. barbadense. Genetic drag is a
common problem associated with conventional interspecific
crosses in upland cotton. Previous studies have documented
that the genetic transmission in backcrosses of G. hirsutum
with G. barbadense favours elimination of the donor genotype
(G. barbadense) preserves genetic integrity of the recurrent
parent and inhibits introgression of donor alleles (Stephen
1949, Jiang et al. 2000).

Our results from chromosomal assignment of QTL are in
general agreement with other published map information
(Rong et al. 2004, Lacape et al. 2005, Ulloa et al. 2005).
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Previous studies have also reported the association of MIC
and EL with chromosome 1 (Rong et al. 2004, Lacape et al.
2005). The long arm of chromosome 26 in line 3-79 which had
a positive additive effect on SL and MIC but a negative
additive effect on EL and T1 suggested that this specific region
of the chromosome contributed significantly to fibre architec-
ture. We also observed that the long arm of chromosome 26 in
line 3-79 had high heterozygous dominance effect in many
agronomic traits including BW, YLD and LY. Considering
that 3-79 has smaller bolls and lower YLD and LY than TM-1
the results illustrate that the effect of some beneficial alleles are
masked by some deleterious alleles in 3-79 and the CS-B lines
could be useful to uncover the genetic effects of these beneficial
novel alleles. A negative homozygous dominance effect for a
CS-B parent might result in inbreeding depression in later
generations. High heterozygous dominance effects between
two parents might be associated with high heterosis in the F
or F, hybrid suggesting CS-B 26Lo could be useful in
improving agronomic traits of hybrid cotton (Jenkins et al.
2006, 2007).

Ulloa et al. (2005) reported the chromosomal location of
several major QTL for fibre and agronomic traits resided on
the long arm of chromosome 26. They observed a very
high density of molecular markers located on this chromo-
some arm, suggesting the association of a ‘hot spot’ of
recombination.

Manipulating quantitative traits controlled by many genes
located on 26 different chromosomes is difficult using conven-
tional methods of interspecific breeding programmes for many
reasons. Chromosome-specific introgression using CS-B lines
can be used to overcome some of the problems encountered in
conventional interspecific breeding programmes because these
lines would reduce the genomic incompatibility between the
two species (Jenkins et al. 2006, 2007).

The importance of these CS-B lines is that they help in
the detection of individual chromosome or chromosome
arm-specific genetic effects from the 3-79 genome and
provide a tool for germplasm enhancement. Based on
current estimates of the number of genes per eukaryotic
plant genome, one would hypothesize that each substituted
chromosome contains approximately 1500-2000 genes from
G. barbadense. Even marker-assisted selection would not be
able to detect and transfer all alien loci, especially in high
recombination regions using conventional interspecific
crosses. Development of chromosome substitution lines
provides a unique opportunity to transfer all the genes
associated with the introgressed alien chromosome or
chromosome segment. The CS-B lines also provided a
unique opportunity to discover novel alleles because of the
unique genetic background of the CS-B lines. CS-B line
evaluation does not always require segregating populations,
so it differs from traditional QTL mapping and offers
specific statistical advantages (Nadeau et al. 2000).

Currently, we are in the process of developing chromosome-
specific recombinant inbred lines from crosses of individual
CS-B lines with the recurrent TM-1 parent following the single
seed descent (SSD) method. SSD allows high quality fibre
traits from G. barbadense to be targeted for introgression into
upland cotton, while reducing genetic drag associated with
various agronomic traits of alien germplasm. Examples of
transfer of genetic material from alien chromosomes using
similar lines have been well documented in wheat (7riticum
aestivum) and other plant species (Campbell et al. 2003, 2004,

Canady et al. 2005). CS-B lines will provide a valuable tool for
genetic investigations and germplasm improvements in upland
cotton.

Acknowledgements

We appreciate the help of Drs Russell Hayes and Osman A. Gutierrez
and Ms. Lillie Hendrix for assisting in the field experiments. We also
thank Drs Jodi Scheffler, USDA/ARS, Stoneville, MS, and Todd
Campbell, USDA/ARS, Costal Plains Soils, Water and Plant Research
Center, Florence, SC 29501, for providing valuable suggestions on the
manuscript.

Disclaimer

Mention of trademark or proprietary product does not constitute a
guarantee or warranty of the product by the United States Department
of Agriculture and does not imply its approval to the exclusion of
other products that may also be suitable.

References

Bowman, D. T., O. L. May, and J. B. Creech, 2003: Genetic uniformity
of the U.S. upland cotton crop since the introduction of transgenic
cottons. Crop Sci. 43, 515—518.

Campbell, B. T., P. S. Baeniger, K. S. Gill, K. M. Eskridge, H. Budak,
M. Erayman, I. Dweikat, and Y. Yen, 2003: Identification of QTLs
and environmental interactions associated with agronomic traits on
chromosome 3A of wheat. Crop Sci. 43, 1493—1505.

Campbell, B. T., P. S. Baeniger, K. M. Eskridge, H. Budak, N. A.
Streck, A. Weiss, K. S. Gill, and M. Erayman, 2004: Using
environmental covariates to explain genotype x environment and
QTL x environment interactions for agronomic traits on chromo-
some 3A of wheat. Crop Sci. 44, 620—627.

Canady, M. A., V. Meglic, and R. T. Chetelat, 2005: A library of
Solanum lycopersicoides introgression lines in cultivated tomato.
Genome 48, 685—697.

Cantrell, R. G., O. L. May, C. Brubaker, and T. Zhang, 2003: The
international cotton genome initiative. In: Proceedings of World
Cotton Res. Conf., 37-—42. Cape Town, South Africa 9-13 March
2003.

Cockerham, C. C., 1980: Random and fixed effect in plant genetics.
Theor. Appl. Genet. 56, 119—131.

Cotton Incorporated, 2006: Agricultural Research. http://www.cot-
toninc.com. (last accessed June 11, 2008).

Endrizzi, J. E., E. L. Turcotte, and R. J. Kohel, 1985: Genetics,
cytology and evolution of Gossypium. Adv. Genet. 23, 271—375.
Gingle, A. R., H. Yang, P. W. Chee, O. L. May, J. Rong, D. T.
Bowman, E. L. Lubbers, J. L. Day, and A. H. Paterson, 2006: An

integrated web resource in cotton. Crop Sci. 46, 1998—2007.

Helms, A. B., 2000: Yield study report. In: P. Dugger, and D. Richter
(eds), Proceedings of Beltwide Cotton Prod. Conf., San Antonio,
TX., 11—12. National Cotton Council, Memphis, TN 4-9 January
2000.

Jenkins, J. N., J. Wu, J. C. McCarty, S. Saha, O. A. Gutierrez,
R. Hayes, and D. M. Stelly, 2006: Genetic effects of thirteen
Gossypium barbadense L. chromosome substitution lines with
upland cotton cultivars: 1. Yield and yield component. Crop Sci.
46, 1169—1178.

Jenkins, J. N., J. C. McCarty, J. Wu, S. Saha, O. A. Gutierrez,
R. Hayes, and D. M. Stelly, 2007: Genetic effects of thirteen
Gossypium hirsutum L. chromosome substitution lines with upland
cultivars. II. Fiber quality traits. Crop Sci. 47, 561—572.

Jiang, C., P. W. Chee, X. Draye, P. L. Morrel, C. W. Smith, and A. H.
Paterson, 2000: Multilocus interactions restrict gene introgression in
interspecific populations of polyploid Gossypium (cotton). Evolution
54, 798—814.



618

SAHA, JENKINS, WU, McCARTY and STELLY

Kohel, R. J., T. R. Richmond, and C. F. Lewis, 1970: Texas Marker-1.
Description of a genetic standard for Gossypium hirsutum L. Crop
Sci. 10, 670—671.

Kohel, R. J., J. Yu, Y.-H. Park, and G. R. Lazo, 2001: Molecular
mapping and characterization of traits controlling fiber quality in
cotton. Euphytica 121, 163—172.

Lacape, J. M., T. B. Nguyen, B. Courtois, J. L. Belot, M. Giband, J. P.
Gourlot, G. Gawryziak, S. Roques, and B. Hau, 2005: QTL analysis
of cotton fiber quality using multiple Gossypium hirsutum X
Gossypium  barbadense backcross generations. Crop Sci. 45,
123-—140.

McCarty, J. C., J. Wu, S. Saha, J. N. Jenkins, and R. Hayes, 2006:
Effects of chromosome Ssh from Gossypium barbadense L. on flower
production in G. hirsutum L. Euphytica 152, 99—107.

McKenzie, W. H., 1970: Fertility relationships among interspecific
hybrid progenies of Gossypium. Crop Sci. 10, 571—574.

Miller, R. G., 1974: The jackknife: a review. Biometrika 61, 1-—15.

Nadeau, J. H., J. B. Singer, A. Matin, and E. S. Lander, 2000:
Analysing complex genetic traits with chromosome substitution
strains. Nat. Genet. 24, 221—225.

Rao, C. R., 1971: Estimation of variance and covariance components
MINQUE theory. J. Multivar. Anal. 1, 257—275.

Rong, J., C. Abbey, J. E. Bowers, C. L. Brubaker, C. Chang, P. W.
Chee, T. A. Delmonte, X. Ding, J. J. Garza, B. S. Marler, C. Park,
G. J. Pierce, K. M. Rainey, V. K. Rastogi, S. R. Schulze, N. L.
Trolinder, J. F. Wendel, T. A. Wilkins, T. D. Williams-Coplin, R. A.
Wing, R. J. Wright, X. Zhao, L. Zhu, and A. H. Paterson, 2004:
A 3347-locus genetic recombination map of sequence-tagged sites
reveals features of genome organization, transmission and evolution
of cotton (Gossypium). Genetics 166, 389—417.

Saha, S., J. Wu, J. N. Jenkins, J. C. McCarty Jr , O. A. Gutiérrez,
D. M. Stelly, R. G. Percy, and D. A. Raska, 2004: Effect of
chromosome substitutions from Gossypium barbadense L. 3-79 into
G. hirsutum L. TM-1 on agronomic and fiber traits. J. Cotton. Sci. 8,
162—169.

Saha, S., J. N. Jenkins, J. Wu, J. C. McCarty Jr, O. A. Gutierrez, R. G.
Percy, R. G. Cantrell, and D. M. Stelly, 2006: Effects of chromo-
some-specific introgression in upland cotton on fiber and agronomic
traits. Genetics 172, 1927—1938.

SAS Institute, 2001: SAS Software Version 8.0. SAS Institute, Cary,
NC.

Stelly, D. M., S. Saha, D. A. Raska, J. N. Jenkins, J. C. McCarty Jr,
and O. A. Gutierrez, 2005: Registration of 17 germplasm lines of
upland cotton (Gossypium hirsutum) cotton, each with a different
pair of G. barbadense chromosomes or chromosome arms substi-
tuted for the respective G. hirsutum chromosome or chromosome
arms. Crop Sci. 45, 2663—2665.

Stephen, S. G., 1949: The cytogenetics of speciation in Gossypium.
I. Selective elimination of the donor parent genotype in interspecific
backcrosses. Genetics 34, 627—637.

Tang, B., J. N. Jenkins, C. E. Watson, J. C. McCarty, and R. G.
Creech, 1996: Evaluation of genetic variances, heritabilities, and
correlations for yield and fiber traits among cotton F, hybrid
populations. Euphytica 91, 315—322.

Ulloa, M., S. Saha, J. N. Jenkins, W. R. Meredith, J. C. McCarty Jr,
and D. M. Stelly, 2005: Chromosomal assignment of RFLP linkage
groups harboring important QTLs on an intraspecific cotton
(Gossypium hirsutum L.) joinmap. J. Hered. 96, 132—144.

USDA-NASS, 2002: Census of Agriculture [online]. Available at
http://www.nass.usda.gov/Census_of_ Agriculture/index.asp  (veri-
fied 21 June 2006). USDA Natl. Agric. Statistics Serv., Washington,
D.C.

Wu, J., J. Zhu, and J. N. Jenkins, 2003: Mixed linear model
approaches in quantitative genetic models. In: M. S. Kang (ed),
Formulars, Software, and Techniques for Genetics and Breeders
171—180. The Haworth Reference Press Inc., New York.

Wu, J., J. N. Jenkins, J. C. McCarty Jr , S. Saha, and D. M. Stelly,
2006: An additive-dominance model to determine chromosomal
effects in chromosome substitution lines and other germplasms.
Theor. Appl. Genet. 112, 391—399.

Zhang, Z.-S., Y .-H. Xiao, M. Luo, X.-B. Li, X.-Y. Luo, L. Hou, D. M.
Li and Y. Pei, 2005: Construction of a genetic linkage map and
QTL analysis of fiber-related traits in upland cotton (Gossypium
hirsutum L.). Euphytica 1441, 91-—99.

Zhu, J., 1989: Estimation of genetic variance components in the
general mixed model. PhD. Dissertation North Carolina State
University, Raleigh, NC.

Zhu, J., 1993: Methods of predicting genotype value and heterosis
for offspring of hybrids. J. Biomathematics (Chinese) 8, 32—
44.

Zhu, J., 1994: General genetic models and new analysis methods for
quantitative traits. J. Zhejianiang Agric. Univ. 20, 551—559.



